Abstract: Actuation systems for automotive boost control incorporate a vacuum tank and PWM controlled vacuum valves to increase the boosting system flexibility. Physical models for the actuator system are constructed using measurement data from a dynamometer with an engine having a two stage turbo system. The actuator model is integrated in a complete Mean Value Engine Model and a boost pressure controller is constructed. Based on the actuator model a nonlinear compensator, capable of rejecting disturbances from system voltage, is developed. A boost pressure controller is developed for the vacuum actuator and engine, using IMC. The complete controller is evaluated in an engine test cell where its performance is quantified and system voltage disturbance rejection is demonstrated.
INTRODUCTION
The trend towards downsizing of internal combustion engines in the automotive industry has increased in recent years. The main goal is to decrease fuel consumption and emissions, while keeping the performance of the engine constant. A way of achieving this goal is the introduction of turbocharging, as proposed by Emmenthal et al. (1979) , Guzzella et al. (2000) , and Petitjean et al. (2004) . By means of wastegate valve opening or closing, it is possible to control the flow through the turbine and thus the amount of energy available to compressor. Coordinated control of throttle and wastegate valves is important, since the control affects engine performance and efficiency, see Eriksson and Nielsen (2000) and Eriksson et al. (2002) .
As turbocharging develops, the demand on the wastegate valve control strategies increases. The wastegate valve actuation is usually performed by a pressure actuator. The actuator is connected to a solenoid valve that is electronically controlled by a PWM signal in order to reach the desired pressure in the actuator chamber. One important sub problem is that the system voltage can vary several Volt during driving which has a direct influence on the performance of the boost pressure controller. Figure 1 shows that a disturbance in supply voltage from 11.9 V to 11.1 V, causes an alteration in the chamber pressure of 2500 Pa which produces a change in wastegate valve position of about 10%. The goal of this paper is to develop a boost pressure control system that follows the reference boost pressure, while also rejecting the disturbance caused by system voltage changes.
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OUTLINE
Section 3 briefly explains the system layout of the two stage turbocharged gasoline engine, the operating principles of the pressure relief valve and its connection to the engine. Section 4 describes the experimental data collected for modeling, together with the development of a physical including parameter identification and model validation. Section 5 presents the wastegate valve position control focusing on the nonlinear compensator, its development and the obtained results. Section 6 develops the control system for the boost pressure in order to reach the desired pressure upstream the throttle valve in the intake manifold, pointing out the supply voltage disturbance rejection. The performance of the compensator and of the control system are demonstrated first using a complete Mean Value Engine Model (MVEM) of a Two Stage TurboCharged Spark Ignition (TSTCSI) engine, developed and a PC running ControlDesk. In addition to the production tank pressure sensor, the system has been equipped with two extra sensors for modeling, a linear position sensor to measure the wastegate position and a sensor to measure the actuator chamber pressure.
ACTUATOR MODELING
In the next section, the methodology used to develop, identify and validate the models will be explained. The data sets for tuning and validation are different.
Physical model
The mass flow through the valve can be modelled with the orifice equations for compressible flow (as proposed also by Galindo et al. (2009 ), Ye et al. (1992 and Taghizadeh et al. (2009)). It should be noted that this model is valid for steady flows with flow states and boundary geometry being sufficiently smooth functions of a spatial variable, see e.g. Ward-Smith (1979) , Sokolov and Glad (1999) and Cunningham (1951) . Defining the pressure ratio as Π = 
where C d is the discharge coefficient, A is the flow area, R is the specific gas constant for air, T is the temperature upstream and Ψ (Π) is
(2) Equation (1) can be applied to describe the leakage in the valve as well as the plunger position when it opens a passage between ambient and actuator and between actuator and tank. With knowledge about the flows to and from the components and using the ideal gas law, we get the following equation
where the temperature variation is neglected. The tank is of constant volume and the tank pressure is calculated by integrating (3). To calculate the actuator pressure it is necessary to couple it to the model of the actuator, since the membrane motion causes changes in the actuator volume. The model of the actuator, and thereafter of the wastegate position, is based on Newton's second law with the force balance as shown in Figure 4 and with the submodels described by
where m is the system mass, b is the damping coefficient, F exh is the result of the force on the wastegate plate caused by exhaust gases and F f r is the friction. The most popular friction model is the Dahl's model proposed by Dahl (1968) and used also by Olsson andÅström (1998), Mehemood et al. (2010) , Hlouvry and Dupont (1994) , and Singh and Kunt (1990) :
F c , σ and α determine the shape of the curve and need to be identified. This model is particularly suitable for hysteresis modeling.
Identification and validation
Due to the lack of plunger position measurements, and thus the passage area across the valve, the effective area C d · A has been identified as one parameter. The plunger position depends on the force equilibrium between three main elements, force due to actuator pressure, force due to ambient pressure and force due to magnetic field. This means that the actuator pressure is strongly connected to the PWM signal. In order to identify the constants of equations (6) and (7), the least squares techniques was used on measured data.
The value of the parameters k i can be found in Table 1 . The identified effective area for the passage from ambient to actuator is 8 · 10 −9 m 2 , and the passage area between actuator and tank is 10 · 10 −7 m 2 . Figure 6 shows a comparison between model and measurements, where the model is shown to give good agreement. Equation (8) manages the mass flow through the volumes of the system.
where p P W M is the pressure achievable depending the value of the PWM signal (see Figure 6 (b)). An analysis of experimental data shows that some approximations in the model can be assumed. In Figure 7 , a slow up-down ramp was performed to analyze actuator hysteresis effects, and the result was that this effect can be neglected. The exhaust gases force is also neglected, because it has a negligible effect on the wastegate position, see Figure 8 (b) . An analysis of the actuator spring and the vacuum pump is then needed, to complete the model. Figure 8 (a) shows that the spring has a nonlinear behavior. The lowest possible actuator pressure is the tank pressure, see Figure 9 (b), and if the tank pressure is too high, the wastegate valve can not be fully actuated. To avoid this, the pressure in the tank is kept between 30 and 35 kPa by the control system. In this region the mass flow from tank to ambient when the pump is switched on can be considered constant. A comparison between model and measurements is shown in Figure 9 , for a ramp and a step in the PWM signal. Further, the dynamic behavior of the actuator and tank pressure, and actuator position are satisfactorily reproduced by the model.
COMPENSATOR DEVELOPMENT
The system voltage is expected to affect the magnetic field controlling the plunger position. Further, the plunger movement is expected to be slow compared to fast changes in the magnetic field and the plunger is therefore assumed to follow a moving average of the magnetic field. Based on experimental data the following simple compensator is proposed to handle deviations in supply voltage. 
where P WM comp is a compensated PWM, U is the supply voltage, and P WM 12V is the PWM value if the voltage is 12 V. Given a desired value of wastegate position, a corresponding PWM value can be calculated using the inverse of the actuator model. A compensation for supply voltage is then calculated using Equation 9. The compensator was tested with a voltage disturbance and the results are shown in Figure 10 taking care to repeat the same shape of the voltage disturbance. Despite the voltage disturbance, appropriately modulating the PWM value with the compensator, membrane position is kept constant, verifying the performance of the compensator.
BOOST PRESSURE CONTROL
Before developing the control system, an analysis to find the best turbocharger configuration was carried out using the TSTCSI MVEM developed in Eriksson (2007) . Focus was on low engine speed. The maximun boost pressure was set up to 240 kPa to avoid engine damage and in-cylinder knocking. Two configurations, both with the throttle fully opened, were investigated: LP-wastegate fully closed and fully opened. The HP-wastegate was used to maintain constant boost pressure. Figure 11 shows that running with LP-wastegate fully closed gives maximum torque at lower engine speed. The LP-wastegate fully closed configuration is therefore used up to 2000 rpm, where the torque begins to decrease and the back pressure reaches too high values. The structure of the control system is shown in Figure 12 , where the feedforward is a static map for PWM depending on desired boost pressure and engine speed, proposed also in Thomasson et al. (2009) . To overcome the nonlinearities of the system, it was linearized across different desired boost pressures and engine speeds. Control signal step responses are then used to identify the parameters of the transfer function, which was modeled as a first order system with time delay model
where K p is the static gain of the system, T tf is the time constant and L is the time delay. The most common version of a transfer function for a PID controller is:
where K is the proportional gain, T i is the integral time and T d is the derivative time.
The design method chosen in this work is the λ-tuning that, for noninteracting PID controllers, provides: where λ is the time constant describing how fast the controller will react to a control error. The derivative terms deserves a special investigation. In on-board applications instabilities could occur if the signal error, usually defined as the difference between reference and actual value (e = p ref −p actual ), processed by the derivative part is unfiltered due to high-frequency measurements noise. For this reason the signal will be filtered. This creates problems in the filtered derivative part when the reference value changes quickly. In order to avoid it, for this part only, the signal used is the process variable P act (Thomasson et al. (2009) and Thomasson and Eriksson (2009) The procedure was applied for each point of the linearization grid to achieve a gain scheduled feedback loop. A relay type controller was used to maintain the tank pressure between 30 and 35 kPa, where the controller is switched on if the pressure is higher than 35 kPa and switched of when the tank pressure becomes lower than 30 kPa.
Experimental controller verification
The performance of the boost pressure control system was tested on both the MVEM model and the engine test stand. In this work only the experimental results from the test stand will be presented. The performance investigation has been divided into two steps: first the developed boost pressure controller and then the voltage compensator with the boost pressure controller. Figure 13 shows the resulting boost pressure for several steps up and down with a constant system voltage. Boost pressure follows the steps in reference value correctly. A small undershoot is present for a positive reference step, but it is limited to 5 kPa. The behavior is better for a reference pressure decrease, and the largest overshoot is only 1 kPa. The saturation of the PWM signal guarantees a fast response. It is worth mentioning that the controller parameters have been tuned using only the model and no retuning is made on the engine test bench.
The voltage compensator is then integrated in the engine control system. The experimental results, shown in Figure 14 , point out that the simple compensator proposed is effective and the maximum pressure error is 1 kPa (0.8%). Since the boost pressure does not change much for variations in system voltage, this means that the wastegate position is almost constant and there is only a small movement in the membrane, proving the disturbance rejection.
SUMMARY AND CONCLUSIONS
A wastegate actuator model is developed in this paper, motivated by the need to compensate the actuactor PWM signal for supply voltage variations. The model is the foundation of a compensator for variations in actuator supply voltage. The boost pressure controller using the developed compensator is shown to give limited undershoot and overshoot, and is further able to reject the disturbance in supply voltage. The compensator is then incorporated into a boost pressure controller and the complete controller is shown to reject system voltage variations and give good boost pressure control in both MVEM simulations and in an engine test stand.
The compressible flow equations are found to be sufficient to describe the actuator system mass flow. Both discharge coefficient and static actuator chamber pressure can be modeled using polynomials in PWM signal. A simple friction model was needed to model the actuator system.
Further, the actuator model shows the need to ensure low enough vacuum pressure to enable fully closed and opened actuator. A switch type controller is shown to be sufficient for vacuum tank pressure control.
